Iron deficiency is a yield-limiting factor with major implications for crop production, especially in soils with high CaCO 3 . Because stems are essential for the delivery of nutrients to the shoots, the aim of this work was to study the effects of Fe deficiency on the stem proteome of Medicago truncatula. Two-dimensional electrophoresis separation of stem protein extracts resolved 276 consistent spots in the whole experiment. Iron deficiency in absence or presence of CaCO 3 caused significant changes in relative abundance in 10 and 31 spots, respectively, and 80% of them were identified by mass spectrometry. Overall results indicate that Fe deficiency by itself has a mild effect on the stem proteome, whereas Fe deficiency in the presence of CaCO 3 has a stronger impact and causes changes in a larger number of proteins, including increases in stress and protein metabolism related proteins not observed in the absence of CaCO 3 . Both treatments resulted in increases in cell wall related proteins, which were more intense in the presence of CaCO 3 . The increases induced by Fe-deficiency in the lignin per protein ratio and changes in the lignin monomer composition, assessed by pyrolysis-gas chromatography-mass spectrometry and microscopy, respectively, further support the existence of cell wall alterations. Biological significance: In spite of being essential for the delivery of nutrients to the shoots, our knowledge of stem responses to nutrient deficiencies is very limited. The present work applies 2-DE techniques to unravel the response of this understudied tissue to Fe deficiency. Proteomics data, complemented with mineral, lignin and microscopy analyses, indicate that stems respond to Fe deficiency by increasing stress and defense related proteins, probably in response of mineral and osmotic unbalances, and eliciting significant changes in cell wall composition. The changes observed are likely to ultimately affect solute transport and distribution to the leaves.
Many environmental conditions, including the high pH of calcareous soils, can result in scarce Fe availability in farmlands, resulting in Fedeficiency chlorosis and marked reductions in agricultural produce yield and quality [1] [2] [3] . Iron deficiency associated with soils rich in CaCO 3 is a major constraint for yield in economically relevant crops such as soybean grown in the upper Midwest areas of the U.S. [4] [5] [6] and fruit tree crops in Mediterranean climate areas [7, 8] . When facing low soil Fe availability, plants respond by inducing root morphological and physiological changes aimed to increase the Fe uptake capacity, which vary depending on the and amino acids) to the various plant organs [31] . In addition, the vascular systems within the stem act as long distance communication channels between roots and shoots, in which hormones, micro-RNAs, peptides and proteins act as signaling molecules [32] . The dual role of these systems, including delivery of nutrients as well as signaling, makes stems crucial for the coordination of responses to nutritional stresses at the whole plant level. However, very little information is available to date about the effects of Fe deficiency in stem tissues.
Proteomic profiling using 2-DE is an excellent tool to provide a holistic picture of changes induced by nutritional stresses [32] [33] [34] . Indeed, changes in the protein profiles in response to Fe deficiency have already been studied in different plant tissues, mainly roots and thylakoids, using model plant species such as barrel medic (Medicago truncatula) [12] . This plant species has a small diploid genome that yields manageable genetic tools, it is autogamous, has a short generation time and a prolific seed production that makes it useful as a model legume [35] [36] [37] . Among the resources for M. trucatula, several reference proteomes, including that of stems, are currently available [37] .
In the present study, we have examined the effects of Fe deficiency on the stem protein profiles of M. truncatula plants submitted to Fe deficiency, and used pyrolysis-gas chromatography-mass spectrometry and microscopy to assess changes in the lignin composition of these tissues. Legumes are valuable agricultural and commercial crops that serve as important nutrient sources for both humans and animals, and a better understanding of the effects of Fe deficiency in stems, essential for the long distance transport of Fe, may strengthen our ability to enhance Fe-efficiency responses. Two different treatments have been used to impose Fe deficiency in nutrient solution, with or without CaCO 3 , with the aim to know whether the presence of CaCO 3 , which is often found in Fe deficient soils, causes additional effects to those of a direct Fe shortage alone.
Material and methods

Plant material and growth conditions
Medicago truncatula cv. 'Jemalong' plants were grown in a controlled environment chamber with a photosynthetic photon flux density at leaf height of 350 μmol m −2 s −2 photosynthetically active radiation, 80%
relative humidity and at a 16 h-23°C/8 h-19°C, day/night regime. Seeds were scarified by nicking the seed coat, then imbibed overnight in distilled water and germinated on filter paper for three days in darkness with full humidity. Seedlings were grown for an additional two-week period in half-strength Hoagland nutrient solution (pH 5.5) with 45 μM Fe(III)-EDTA [38] . Plants were then transplanted to 10 L plastic buckets (six plants per bucket) containing half-strength Hoagland nutrient solution and treatments were imposed. Control plants were grown with 45 μM Fe(III)-EDTA (pH 5.5) and Fe deficient plants were grown with no added Fe (0 μM Fe), with (pH 7.7) or without (pH 5.5) 1 g L −1 CaCO 3 . After six days, stem tissues (including main stems and petioles but excluding cotyledons and leaves; Supplementary  Fig. S1 ) were harvested, frozen in liquid N 2 and stored at −80°C. Five independent batches of plants were grown and sampled for proteomic analysis. Tissues for mineral (stems including petioles, roots and leaves) and lignin (stems and petioles separately) analyses were also harvested six days after treatment onset from three plants per treatment in two independent batches of plants.
Protein extraction
For protein extraction, approximately 0.5-1 g of tissue (pooled from two plants of a given treatment), containing whole stems (including the main stems and petioles, see Supplementary Fig. S1 ) but excluding cotyledons and leaves, was ground in liquid N 2 with mortar and pestle. The tissue was homogenized in 6 mL of phenol saturated with 0.1 M Tris-HCl (pH 8.0) and containing 5 mM β-mercaptoethanol, by stirring for 30 min at 4°C. Then, the homogenate was filtered (PVDF, 0.45 μm) and centrifuged at 5000 × g for 15 min. The phenol phase was reextracted for 30 min with one volume of phenol-saturated 0.1 M TrisHCl (pH 8.0) containing 5 mM β-mercaptoethanol, and centrifuged as described above. Proteins in the phenol phase were precipitated by adding four volumes of 0.1 M ammonium acetate in cold methanol, followed by overnight incubation at − 20°C. Samples were then centrifuged at 5000 × g for 15 min, and the pellet was washed three times with cold methanol, dried with N 2 gas and resuspended in sample rehydration buffer containing 8 M urea, 2% (w/v) CHAPS, 50 mM DTT, 2 mM PMSF and 0.2% (v/v) 3-10 ampholytes (Amersham, Uppsala, Sweden). After rehydration, samples were incubated at 38°C for 1.5 h and then centrifuged at 15,000 × g for 10 min at 20°C. Samples were analyzed immediately by 2-DE. Protein concentration was measured with the Bradford method (BioRad kit), using microtiter plates in an Asys UVM 340 (Biochrom Ltd., Cambridge, U.K.) spectrophotometer and BSA as standard.
Protein 2-DE separation
Preliminary 2-DE experiments were carried out using a first dimension IEF separation with a linear pH gradient 3-10; in these conditions most of the spots were concentrated in the central region of the 2-DE gel (results not shown); therefore, to prevent protein comigration and improve resolution a narrower pH gradient was chosen. A first dimension IEF separation was carried out on 7 cm ReadyStrip IPG Strips (BioRad) with a linear pH gradient pH 5-8 using a Protean IEF Cell (BioRad, Hercules, CA, USA). Strips were passively rehydrated for 16 h at 20°C in 125 μL of rehydration buffer containing 60 μg of root extract proteins and a trace of bromophenol blue, and then transferred onto a strip tray. IEF was run at 20°C, for a total of 14,000 V h (20 min with a 0-250 V linear gradient, 2 h with a 250-4000 V linear gradient and 4000 V until 10,000 V h). After IEF, strips were equilibrated for 10 min in equilibration solution I [6 M urea, 0.375 M Tris-HCl, pH 8. For the second dimension SDS-PAGE, equilibrated IPG strips were placed on top of vertical 12% SDS-polyacrylamide gels (8 × 10 × 0.1 cm) and sealed with melted 0.5% agarose in 50 mM Tris HCl, pH 6.8, containing 0.1% SDS. SDS-PAGE was carried out at 20 mA per gel for approximately 1.5 h, until the bromophenol blue reached the plate bottom, in a buffer containing 25 mM Tris, 192 mM glycine, and 0.1% SDS, at 4°C. Gels were subsequently stained with colloidal Coomassie-blue G-250 (Serva, Barcelona, Spain). For each treatment, gels were made from independent whole stem samples (including petioles) preparations obtained from five different batches of plants (n = 5).
Gel image and statistical analysis
Stained gels were scanned with an Epson Perfection 4990 Photo Scanner (Epson Ibérica, Barcelona, Spain) at 600 dpi, previously calibrated using the SilverFast 6 software (LaserSoft Imaging AG, Kiel, Germany) and an IT8 reference card. Spot detection, gel matching and interclass analysis were performed with PDQuest 8.0 software (BioRad). First, normalized spot volumes based on total intensity of valid spots were calculated for each 2-DE gel and used for statistical calculations of protein abundance; for all spots present in the gels, pI, Mr, and normalized volumes (mean values and SD) were determined. Experimental MR values were calculated by mobility comparisons with Precision Plus protein standard markers (BioRad) run in a separate lane on the SDS gel, and pI was determined by using a linear scale over the total dimension of the IPG strips. Only spots consistently present in at least 80% of the replicates (four out of five gels) from at least one class were considered and used in further analysis; missing spot volumes were estimated from the data set by a sequential K-Nearest Neighbor algorithm using an R 2.7.0 environment. After the input of missing values, a second normalization based on total intensity of valid spots per gel was used to compensate for gel replicate variations, and resulting data were used for statistical analyses. The spots were also manually checked, and consistent reproducibility between normalized spot volumes was found in the different replicates (Supplementary  Table S1 ).
Univariate and multivariate statistical analyses were carried out. Spots changing in relative abundance were selected using a paired Student t-test and a significance level of p b 0.05. Protein response ratios were defined as the relative abundance in a given treatment divided by the relative abundance in the controls. Only proteins with mean response ratios above 2.0 or below 0.5 were considered as physiologically relevant and are discussed in this study. Principal component analysis (PCA) was carried out using Excel ad-in Multibase 2014.
Protein identification by nano-liquid chromatography-tandem mass spectrometry (nLC-ESI-MS/MS)
Consistent spots showing statistically significant differences in accumulation were excised automatically using a spot cutter EXQuest (BioRad), proteins in spots digested, and peptides separated by nano-HPLC (n-HPLC system 1200 series, Agilent Technologies, Waldbronn, Germany) as described in [39] . The nano-HPLC was connected to a HCT Ultra high-capacity ion trap (Bruker Daltonics, Bremen, Germany) using a PicoTip emitter (50 μm i.d., 8 μm tip i.d., New Objective, Woburn, MA, USA) and an online nano-electrospray source. Capillary voltage was − 1.8 kV in positive mode and a dry gas flow rate of 10 L min −1 was used with a temperature of 180°C. MS data were acquired automatically using Hystar 3.2 software following a MS survey scan from 50 to 3000 m/z at a resolution of 5500. The mass window for precursor ion selection was ± 0.15 m/z with an active exclusion after two spectra and release after 1.2 min for the one most intense peptide. MS/MS spectra were sequentially and dynamically acquired in a scan from 300 to 1500 m/z with a maximum accumulation time of 750 ms depending on sample concentration. The fragmentation amplitude for MS/MS was 1 V. Singly charged ions and trypsin peptides were excluded from MS/MS analysis. Peak detection, deconvolution and processing were performed with Data Analysis 3.4 (Bruker Daltonics). Protein identification was carried out using the Mascot search engine (version 2.3.02, Matrix Science; London, UK) and the nonredundant databases NCBInr 20,120,303 (17,378,729 sequences; 5,967,463,365 residues). Search parameters were: monoisotopic mass accuracy, peptide mass tolerance ± 0.2 Da, fragment mass tolerance ±0.6 Da; one allowed missed cleavage; allowed fixed modification carbamidomethylation (Cys), and variable modification oxidation (Met). Positive identification was assigned with Mascot scores above the threshold level (p ≤ 0.05) and at least two identified peptides with a score above homology. The list of peptides identified is shown in Supplementary Table S2 . We used the GO biological process annotation (http://www.geneontology.org) of the individual identified proteins and UniProt database information for manual classification into functional categories.
Mineral analysis
Roots, whole stems (including petioles) and leaves were harvested from three plants per treatment, dried in a conventional oven at 60°C and ground in a stainless steel mill. Subsamples (ca. 0.15 g dry weight) of each ground sample were digested and processed for elemental analysis as described elsewhere [40] . Elemental analysis (Ca, Cu, Fe, K, Mg, Mn, Mo, Na, P, S, and Zn) was carried out using inductively coupled plasma-optical emission spectroscopy (CIROS ICP Model FCE12; Spectro, Kleve, Germany); the instrument was calibrated daily with certified standards. Tomato leaf standards (SRM 1573 A; National Institute of Standards and Technology, Gaithersburg, MD, USA) were digested and analyzed along with the M. truncatula samples to ensure accuracy.
Microscopy
For microscopy analysis, sections from both petioles and stems of M. truncatula plants grown for 6 d in the control conditions or with 0 μM Fe in the presence or absence of CaCO 3 , were excised with a razor blade and embedded in 5% agar. Eight different petiole and stem sections from eight different plants for each treatment were analyzed. Stem and petiole transversal sections (60 μM thick) were obtained using a vibrating blade microtome (VT1000 S, Leica Microsystems GmbH). Cell walls were stained using phloroglucinol (SIGMA), and bright field and auto-fluorescence images of the transversal slices were taken with an inverted microscope (DM IL LED, Leica Microsystems GmbH) equipped with a fluorescence kit (340-380 excitation wavelength and 425 nm cut-off filter; A1 filter cube, Leica Microsystems GmbH) and a CCD camera (DFC 240C, Leica Microsystems GmbH).
Lignin analysis
Lignin analysis was carried out by pyrolysis-gas chromatographymass spectrometry (Py-GC-MS) using separately petioles and stems harvested from three M. truncatula plants per treatment. Pyrolysis of the samples (approximately 7 mg) was performed with a 3030 μ-furnace pyrolyzer (Frontier Laboratories Ltd.) connected to an Agilent 7820 A GC using a DB-1701 fused-silica capillary column (60 m × 0.25 mm i.d., 0.25 μm film thickness) and an Agilent 5975 mass selective detector (EI at 70 eV). The pyrolysis was performed at 500°C. The oven temperature was programmed from 45°C (4 min) to 280°C (10 min) at 4°C min ). Compounds were identified by comparing their mass spectra with those in the Wiley and NIST libraries and those reported in the literature [41] . Peak molar areas were calculated for the main lignin-degradation products using their characteristic mass fragment ions, the summed areas were normalized, and data from four biological replicates were averaged and expressed as percentages. 
Results
Symptoms of Fe deficiency in M. truncatula plants included a yellowing of young leaves and a reduction of biomass, which were more intense in the treatment that included CaCO 3 ; these symptoms were described in detail in a parallel study focused to root proteomic changes [42] .
Protein profiles
Changes in the protein profile of extracts of stems (including petioles) from Fe deficient M. truncatula plants grown in the absence (pH 5.5) or presence of CaCO 3 (pH 7. Table S3 ). The total number of spots consistently detected in the whole experiment (present in at least 80% of the gels of one treatment) was 276 (Supplementary Tables S1 and S3) . A composite averaged virtual map containing all spots present in all 15 gels (5 per treatment) is shown in Fig. 1D .
When compared to the control plants, four and 11% of the consistent spots (10 and 31 spots, respectively) showed changes in relative abundances that were statistically significant at p b 0.05 and above the cut-off values for fold-change (≥ 2 or ≤0.5) in the 0 μM Fe treatments in the absence or presence of CaCO 3 , respectively (these spots are marked in bold and with an asterisk in Table 1 ). Two of these changes (decreases in the relative abundance of spots 1 and 23) occurred irrespectively of the presence of CaCO 3 (Table 1 and Fig. 2B ). From the total 39 spots showing physiologically relevant changes, 80% (31 spots) were reliably identified (Table 1) . When a PCA analysis was run using all consistent spots, the samples from Fe-deficient plants in the presence of CaCO 3 were well separated, whereas those from Fe sufficient plants and Fe-deficient plants grown without CaCO 3 overlapped (Fig. S2A) . However, when the PCA analysis was run using only those spots showing significant differences in relative abundance, samples from the three treatments were clearly separated (Fig. S2B) .
The statistical analysis of averaged maps indicated that the Fe deficiency treatment in absence of CaCO 3 caused significant increases (p b 0.05; fold-change ≥2) in relative abundance of three spots (spots 25, 28 and 30 in Table 1 ; orange ellipses in Fig. 1B) . All of them matched reliably to known proteins and were manually classified by their GO: BP (Biological Process) annotation to general metabolism (spots 25 and 28) and phenylpropanoid metabolism (spot 30) (Fig. 2A) . Five spots (spots 1-3, 14 and 23) showed significant decreases in relative abundance and two more (spots 4 and 33) were no longer detected in the 0 μM Fe treatment when compared to controls (p b 0.05; fold-change ≤ 0.5; blue ellipses in Fig. 1B) , and six of them were reliably identified (spots labeled 1-4, 14 and 23 in Table 1 ); they were assigned to photosynthesis (spots 1-4), protein modification (spot 14) and oxidation/reduction process (spot 23) (Fig. 2A) .
Changes in the whole stem protein profile were more marked when Fe deficiency was imposed in the presence of CaCO 3 . Eighteen spots showed significant increases in relative abundance (spots 8-12, 15-18, 20, 21, 26, 27, 32 , and 36-39 in Table 1 ) and four more were detected de novo (spots 13, 22, 29 and 31 in Table 1 ) in the Fe deficient treatment in the presence of CaCO 3 when compared with the controls (p b 0.05; fold-change ≥ 2; orange rectangles in Fig. 1C ). Among them, 17 were reliably identified and manually classified in the following functional categories: photosynthesis (spot 8), defense and oxidative stress (spots 9-13), protein metabolism (spots 15-18, 20 and 21), oxidation/ reduction processes (spot 22), general metabolism (spots 26 and 27) and secondary metabolism (spots 29 and 31) ( Table 1 , Fig. 2A ). Six spots showed significant decreases in relative abundance (spots 1, 6, 7, 23, 24 and 35 in Table 1 ) and three more (spots 5, 19 and 34 in Table 1 ) were no longer detected (p b 0.05; fold-change ≤ 0.5; blue rectangles in Fig. 1C ). Among them, seven spots were identified and assigned to photosynthesis (spots 1 and 5-7), translation (spot 19), and oxidation-reduction process (spots 23 and 24) (Fig. 2A) .
The information on the significant changes (p b 0.05; fold-change ≥2 or ≤ 0.5) in protein abundance as a result of both Fe deficiency treatments is summarized in a Venn diagram (Fig. 2B ), using the same color code than that used in Fig. 1 (orange and blue numbers for increases and increases in relative abundance, respectively). Two spots (spots 1 and 23 in Table 1 ) changed significantly and above the cut-off values in both Fe-deficiency treatments.
Mineral analysis
Mineral analysis was carried out in whole stem samples (including stems and petioles). The stem dry weights from Fe-deficient plants Table 1 . grown in both conditions were approximately 24% lower than that of the Fe-sufficient controls (Fig. 3A) . Iron concentration in stems of Fedeficient plants grown in the absence of CaCO 3 did not change when compared to controls, whereas in Fe-deficient plants grown in the presence of CaCO 3 the Fe concentration was 54% lower than in Fesufficient controls (Fig. 3B) . The total Fe content in stems was lower in both Fe deficiency treatments when compared to controls, due to the lower stem dry weights in the absence of Fe (Supplementary Fig. S3 ). Stem concentrations of Zn, Cu and Mn from Fe-deficient plants grown in the absence of CaCO 3 were 90, 100 and 60% higher, respectively, than those in the Fe-sufficient controls, whereas the concentrations of Ni, Mo, Co and B did not change significantly (Fig. 3B) . The presence of CaCO 3 in the zero-Fe solution did not lead to significant changes in the concentrations of Zn, Cu, Mn, Ni, Mo Co and B when compared to the Fe-sufficient controls (Fig. 3B) . With regard to macronutrient concentrations, in whole stems of Fe deficient plants grown in the absence of CaCO 3 the only significant change was a 50% increase in Mg concentration when compared to Fe-sufficient controls (Fig. 3C) . In the presence of CaCO 3 , increases in Mg (140%), and Ca (28%) concentrations and a decrease in K concentration (10%) were found when compared to those in Fe sufficient controls (Fig. 3C) .
The mineral composition of leaves and roots was also determined (Supplementary Fig. S4 ). In roots, Fe concentration was lower than in controls in both Fe deficiency treatments, whereas Zn and Cu concentrations increased in the absence of CaCO 3 and Ni concentration increased in the presence of CaCO 3 . In leaves, Fe concentration only decreased in the presence of CaCO 3 . Regarding other micronutrients in leaves, results were similar to those described above for stems, with Zn, Cu, Mn and also Ni concentrations being higher in the Fe-deficiency treatment in the absence of CaCO 3 than in Fe-sufficient controls, and similar to controls or only slightly higher in the presence of CaCO 3 (Supplementary Fig. S4 ). The trends observed for changes in macronutrient concentrations in leaves and roots as a result of both Fe deficiency treatments were quite similar to those observed in stems (Supplementary Fig. S4 ). The only significant changes in macronutrient root concentrations occurred in Fe-deficient plants in the presence of CaCO 3 , and included an increase in Ca and decreases in P and S concentrations ( Supplementary Fig. S4 ). In leaves, Fe deficiency increased Ca and Mg concentrations, with the increases being larger in the presence of CaCO 3 .
Microscopy of petiole and stem sections
In order to study possible cell wall changes, lignin was localized in sections of stems and petioles using autofluorescence and phloroglucinol staining. In Fe-sufficient petioles, the blue autofluorescence signal was mainly detected in xylem vessels and sclerenchyma tissue (Fig. 4A) . When compared to controls, Fe-deficient petioles from plants grown in the absence of CaCO 3 showed a slightly lower autofluorescence intensity in both xylem vessel and sclerenchyma tissue (Fig. 4B) , whereas in petiole sections from Fe-deficient plants grown in the presence of CaCO 3 , the autofluorescence signal intensity decreased in xylem vessels when compared to both sclerenchyma and controls (Fig. 4C ). This decrease in autofluorescence occurred especially in the innermost part of xylem vessels, where blue autofluorescence was barely observed and instead a greenish color was detected (Fig. 4C) .
When phloroglucinol staining was used, lignin distribution in Fesufficient petioles was similar to that found using autofluorescence, but the staining was more intense in the sclerenchyma (deep red) than in xylem vessels (almost black) (Fig. 4D) . Phloroglucinol staining of Fe-deficient petioles from plants grown in the absence of CaCO 3 yielded an intense coloration in xylem vessels similar to that observed in Fe-sufficient controls and little staining in the sclerenchyma (Fig. 4E) . In petiole sections from Fe-deficient plants grown in the presence of CaCO 3 , phloroglucinol staining was intense and even higher than that observed in controls in both xylem vessels and sclerenchyma (Fig. 4F) . Stems of Fe-sufficient plants showed a clear blue autofluorescence in the xylem vessels and a more diffuse one in the cortex, and similar results were observed when phloroglucinol was used for lignin staining (Supplementary Fig. S5 ). Stems from Fe deficient plants showed similar autofluorescence and staining patterns to those of controls, irrespective of the presence of CaCO 3 in the nutrient solution ( Supplementary  Fig. S5 ).
Lignin analysis
The lignin composition (relative molar abundances of G-and Slignin derived markers and S/G ratios) of both stems and petioles samples was studied by Py-GC/MS. The percentages of protein markers relative to the lignin markers (lignin/protein ratio) were also estimated.
In petioles, the lignin per protein ratio increased 20 and 110% in the Fe deficiency treatment in the absence and presence of CaCO 3 , respectively, when compared to the Fe-sufficient controls ( Table 2 ). The total relative abundance of S-and G-lignin markers and the S/G ratio in petioles from both Fe deficiency treatments were similar to those of controls but significantly different between them (Table 2) . However, the relative molar abundances for most of the specific G lignin markers (six of the seven compounds measured) in Fe-deficient samples presented statistically significant differences (two compounds increased and four compounds decreased with Fe deficiency) with those of control samples ( Table 2 ). The relative molar abundances of specific S-lignin markers changed in at least one of the Fe-deficiency treatments in four of the seven measured compounds when compared to control petioles (Table 2) .
On the other hand, very few changes in the stem lignin parameters were found with Fe deficiency. The lignin per protein ratios, relative molar abundances of G-and S-lignin derived markers and S/G ratios were similar in the Fe-deficient samples, irrespective of the presence of CaCO 3 , to those found in Fe-sufficient controls (Table 2 ).
Discussion
In the present study we have characterized the differences in the protein profiles of whole stems (including petioles) from M. truncatula plants grown in hydroponics in two different Fe deficiency conditions, in the presence and absence of CaCO 3 , with the aim of shedding light into processes that may be relevant in Fe deficiency induced modifications in this tissue. It should be noted that the individual specific effects of Fe deficiency and CaCO 3 in the proteome of stems from Fe-deficient plants grown in the presence of CaCO 3 cannot be discriminated using the current experimental approach. The presence of CaCO 3 along with Table 1 . Orange and blue color numbers indicate increases (including new appearances) and decreases (including disappearances) in spot abundance as a result of Fe deficiency, respectively.
Fe(III)-EDTA as an Fe source causes Fe precipitation and immobilization, therefore making unfeasible its use as a control. Overall results from the protein profiling indicate that Fe deficiency in the presence of CaCO 3 has a more pronounced impact on the stem proteome than the lack of Fe alone, since a larger number of spots (31) displayed differences in relative accumulation in the presence of CaCO 3 than in its absence (10) . This stronger effect is also supported on one hand by the fact that the functional category containing the most spots that increased in relative abundance (five) in Fe-deficient plants grown in the presence of CaCO 3 was the defense and stress category, whereas in the absence of CaCO 3 no proteins from this category were found to increase significantly ( Fig. 2A and Table 1 ). A similar situation was described in the proteomic profiling of roots of in the same plant species [42] ; this is not only the result of the lack of Fe and the presence of CaCO 3 , but also of a combination of factors including the basic pH of the growing solution which impairs Fe mobilization in the root apoplast [3, 43, 44] . Furthermore, the presence of CaCO 3 may alter the pH of plant fluids such as the xylem sap and apoplastic fluid causing changes in the chemical speciation of Fe and therefore in Fe availability [45, 46, 47] . On the other hand, the functional category containing most of the spots decreasing in relative abundance was photosynthesis, with six proteins decreasing in relative abundance in the presence of CaCO 3 (four of them above and two below the biological cut-off value) in comparison with the four decreasing in the absence of CaCO 3 . The decreases in the relative abundance of the photosynthesis related proteins affect different isoforms of the Rubisco activase (spots 1, 3 and 7; Supplementary Fig. S6A ), the large (spot 4) and small chains (spots 2 and 6) of Rubisco, and the iron-sulfur subunit of the cytochrome b6-f complex (spot 5), which imply a decreased carbon fixation capacity and are in agreement with the well-known Fe deficiency induced impairment of the photosynthetic processes [26] . All proteins identified in the stress and defense category increased in abundance, and were related either to general defense [polyketide cyclase/ dehydratase (spot 9) and PR-5b (spot 12)] or to defense against oxidative stress [thioredoxin reductase (spot 10), glutathione peroxidase 1 (spot 11) and glutaredoxin C4 (spot 13)]. The polyketide cyclase/dehydratase contains a Betv1 domain and belongs to family 10 of plant pathogenesis-related proteins (PR-10; UniProt annotation) and PR-5b belongs to the thaumatin superfamily [48] , both with yet unknown functions. However, some members of PR5 subfamily have been described to play distinctive roles in the defense system that protects against high-salt stress or osmotic imbalance [49] , which is also likely to occur in the Fe-deficiency treatment in the presence of CaCO 3 . The same PR5b protein showed increases in abundance in roots of M. truncatula plants grown in the presence of CaCO 3 [42] . Interestingly, a proteomic study on Beta vulgaris roots submitted to several levels of Zn toxicity, which also causes induced Fe-deficiency, found that some Bet v1 proteins, including some PR-10, increased in abundance in roots when Zn supply increased [39] . Therefore, we could speculate that the increases measured in both pathogenesis related proteins in the CaCO 3 treatment might be related to osmotic stress caused by both metal imbalances and the presence of CaCO 3 . On the other hand, increases in proteins related to defense against oxidative stress including thioredoxin reductase (spot 10) and those associated with glutathione metabolism, such as the glutathione peroxidase (spot 11) and the glutaredoxin C4 (spot 13), found in this study, have been reported to increase upon Fe deficiency in different root proteome studies [12] and are probably associated with the redox imbalances caused by the lack of Fe. The existence of osmotic and redox unbalances in the high pH treatment is also supported by the de novo detection of a pyridoxal biosynthesis protein (spot 31). Pyridoxal, or vitamin B6, is a singlet oxygen quencher and may play a role in osmotic or salt tolerance as well as in oxidative stress resistance [50, 51] .
Changes in the protein-related category also indicate a Fe deficiency driven stress situation which was more severe in the presence of CaCO 3 . Relative increases were observed in three proteins of the heat shock 70 kDa (HSP70) family whose members have direct functions in managing stress situations by preventing misfolded or damaged proteins to aggregate or by facilitating their disposal by interacting with ubiquitin ligases [52] . One of the HSP70 (spot 15) increased in both Fe-deficiency treatments (although below the threshold level in the absence of CaCO 3 ), and its Arabidopsis counterpart (AtBIP1; At5g28540) is involved in the ER degradation of misfolded proteins (TAIR annotation). The decrease measured in the ubiquitin-conjugating enzyme (spot 14) which belongs to the E2 class performing the second step in the ubiquitination pathway (UniProt annotation) may also suggest a role of the ubiquitin-dependent catabolic pathway in the Fe deficiency response. The other two HSP70 (spots 16 and 17) increased only in the presence of CaCO 3 and are most likely isoforms of the same protein given their localization in the 2-DE gel (Supplementary Fig. S6B ). These proteins blast to the same Arabidopsis orthologue (AtHsp70-10, At5g09590) that has been suggested to play an important role in the regulation of the Fe-S assembly pathway in mitochondria [53] . Their increases may be related to the decreases measured in Fe-S cluster proteins, including the NADH-ubiquinone reductase (spot 24) of the respiratory chain complex I, the Fe-S subunit of the cytochrome b6f complex (spot 5) and the ferredoxin nitrite reductase (spot 23). On the other hand, significant changes in the protein translation machinery were only observed in the Fe deficiency treatment in the presence of CaCO 3 , affecting two structural components of the ribosome (spots 19 and 21) and an elongation factor (spot 20). Changes in the abundance of some components of the ribosome induced by Fe deficiency have been described in Arabidopsis roots and authors speculated that these changes can control mRNA preference and bias translation efficiency towards specific sets of genes [11, 54, 55] , but they also may indicate the need of de novo synthesis of Fe-deficiency effector proteins. The fact that these changes are only observed in the presence of CaCO 3 reinforces the strong effect of this treatment in the stem proteome.
Several lines of evidence support that Fe deficiency causes alterations in the cell wall of stem tissues, especially in the presence of CaCO 3 . First, the increases in relative abundance measured in two protein species involved in the phenylpropanoid biosynthesis pathway: the phenylcoumaran benzylic ether reductase (PCBER, spot 29) and a putative Omethyltrasferase similar to the caffeoyl-CoA O-methyltransferase 1 (spot 30). PCBER has been shown to be one of the most abundant proteins in the xylem of poplar [56] that participates in lignan synthesis [57] and the O-methyltrasferase probably plays a role in the methylation steps necessary for the biosynthesis of monolignols, the lignin precursors [58] . Their increases suggest that Fe deficiency may cause changes in lignification. A second line of evidence is provided by the lignin Py-GC/MS analysis of the petioles, which showed a small but significant relative increase in the lignin per protein ratio in Fe-deficient petioles when compared to the controls, which was more intense in the presence than in the absence of CaCO 3 (Table 2) . Finally, the microscopy study of petiole sections also indicates stronger alterations in plants grown in the presence than in the absence of CaCO 3 . In petioles from plants grown in the presence of CaCO 3 , phloroglucinol staining indicates an increase in lignin in the inner part of the xylem vessels (Fig. 4F) , and the shift towards a green color in the autofluorescence signal in the same area suggests the existence of changes in lignin composition Table 2 Relative molar abundance of G-and S-lignin derived markers, S/G ratio, percentage of protein markers and lignin/protein ratio in stems and petioles of Fe-sufficient and Fe deficient plants grown in the absence and presence of CaCO 3 , as estimated by Py-GC/MS. Data are means ± SD of four biological replicates. Different letters within the same row and tissue indicate statistically significant differences using the Student's t-test and p b 0.05. (Fig. 4C) ; similar shifts in autofluorescence have been associated elsewhere with changes in lignin composition [59] . When Fe-deficient plants were grown in the absence of CaCO 3 , changes in the micrograph images relative to the controls were less marked (Fig. 4B, E) . Conversely to what occurs in the petioles, in the case of the stems from Fe-deficient plants the lignin/protein ratio, the lignin composition and the autofluorescence and phloroglucinol micrographs did not differ from those of control plants, and this is likely due to the fact that these stems were developed before the onset of Fe deficiency.
Overall, cell wall-related changes observed in petioles of plants grown in the presence of CaCO 3 should led to an increase in cell wall rigidity, especially in the xylem vessels. Changes in cell wall composition resulting in increased lignification have been described to occur upon mineral imbalances, for instance in the roots of Fe-deficient pear and quince cultivars [60] , and have also been suggested as a detoxification strategy for excess Cd in roots [61, 62] . Modification in cell wall related proteins have also been described in proteomic studies of Fe-deficient roots [12] . It has been hypothesized that increased lignification may provide a protective barrier to avoid the lateral transport and distribution of minerals by decreasing the permeability of the cell wall [63] . In leaves, Fe deficiency also elicits structural changes in morphology, including a reduction of the leaf xylem vessel size, which could disturb normal stomatal functioning [64, 65] .
Other effects of Fe deficiency in the stem protein profiles included increases in several spots identified as malate dehydrogenase (spots 25-27 in Table 1 and Supplementary Fig. S6C ) and in a serinehydroxymethyl-transferase (spot 28) in both treatments that were also described in the proteome of Fe-deficient M. truncatula roots [42] . Increases in both proteins have been reported in physiological and proteomic studies on Fe deficiency in roots and leaves [12, 66] and results from this study indicate this may be a common response throughout plant organs.
Mineral analyses indicate the existence of alterations in micro-and macronutrient balances as a result of Fe deficiency. Although the stem Fe concentrations did not decrease significantly in Fe-deficient plants grown in the absence of CaCO 3 , Fe content decreases occurred in both Fe deficiency treatments (Fig. 3, Supplementary Fig. S3 ). The decrease in stem Fe concentration in the presence of CaCO 3 was accompanied at the proteomic level by decreases in relative abundance of three Fe containing proteins related to energy production: a subunit of a NADH-ubiquinone oxidoreductase (spot 24), the ferredoxin-nitrite reductase (spot 23), and the cytochrome b6-f complex (spot 5).
Decreases in abundance in Fe-containing, energy related proteins have been widely described in different proteomic studies as a result of Fe shortage [12] , and this could ultimately account for the reduction in stem mass.
Conclusions
A summary of the proteomic results is shown in Fig. 5 . Overall results indicate that Fe deficiency by itself has a mild effect on the stem proteome of M. truncatula plants, mainly affecting photosynthesis-related proteins. However, Fe deficiency in the presence of CaCO 3 has a stronger impact on the proteome, including a general increase in stress and protein metabolism related proteins not observed in Fe-deficient plants grown without CaCO 3 , as well as a larger number of photosynthesisrelated proteins decreasing. These results probably indicate the existence of mineral and osmotic unbalances. Iron deficiency also elicited significant increases in cell wall related proteins and in the lignin per protein ratio, which were more intense in the presence of CaCO 3 . Changes in the lignin S and G monomer composition induced by Fe-deficiency and the microscopy study of petiole sections further confirm the existence of alterations in cell walls of petiole tissues. These results suggest that Fe-deficient plants, especially those grown in the presence of CaCO 3 as occurs in many arable soils, present an increased lignification and a probable lower capacity of cell walls to interact with ions in the xylem fluid, which ultimately may affect solute transport and distribution to the leaves. Orange symbols mark newly detected and proteins with increased relative abundance compared to controls (using a two-fold threshold change). The same threshold (decreases larger than 50%) was selected for proteins with decreased relative abundance (blue symbols). Numbers correspond to those in Table 1. necessarily reflect the views or policies of the US Department of Agriculture, nor does mention of trade names, commercial products, or organizations imply endorsement by the US Government.
